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© Pipelined data processing system capable of processing delayed branch instruction. 



© A data processing system is configured to deter- 
mine, on the basis of a delayed branch control bit 
included in a branch instruction, whether or not an 
instruction next to the branch instruction should be 
executed. The system comprises an instruction de- 
coder for decoding the branch instruction to classify 
the branch instruction into a unconditional branch 
and a conditional branch, and a branch condition 
discrimination circuit for generating, on the basis of 
the branch instruction and the result of instruction 
execution, a condition satisfaction signal indicative of 
whether or not the branch condition is satisfied. A 



branch execution discrimination circuit is coupled to 
the instruction decoder and the branch condition 
discrimination circuit and to receive the delayed 
branch control bit, so as to generate a delayed 
instruction execution determination signal indicative 
of whether or not the instruction next to the branch 
instruction is executed, on the basis of an exclusive- 
OR between the delayed branch control bit and the 
condition satisfaction signal when it is judged by the 
instruction decoder that the branch instruction is the 
conditional branch instruction. 
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Background of the Invention 

Field of the invention 

The present invention relates to a pipelined 
data processing system capable of processing a 
delayed branch instruction. 

Description of related art 

In the prior art, some of conventional pipelined 
data processing systems has adopted a branch 
system called a delayed branch. For example, as- 
sume that the pipelined processing is composed of 
three stages: an instruction fetching stage, an in- 
struction decoding stage and an instruction execut- 
ing stage, as illustrated in Figure 1. In this case, 
after a branch instruction has been decoded in the 
instruction decoding stage, a branch destination 
instruction is fetched in the instruction fetching 
stage. Therefore, an empty (delayed slot) corre- 
sponding to at least one stage occurs in the 
pipelined processing. The delayed branch system 
eliminates this waste empty in the pipelined pro- 
cessing by inserting into the delayed slot an opera- 
tion instruction stored in an address just after an 
address storing the branch instruction. With this 
arrangement, it is expected to improve perfor- 
mance (particularly, of a loop) of the pipelined data 
processing system. 

The conventional delayed branch system can 
be generally divided into the following three sys- 
tems: 

Unconditional Delayed Branch: In this system, 
an instruction next to all branch instructions is 
executed. This system is used in a RISC (reduced 
instruction set computer) type processor "R2000" 
and others. See KANE 87 (Gerry Kane, "MIPS 
R2000 RISC Architecture Hair Prentice Hall, 
1987). 

Designated Delayed Branch: In some cases, it 
would be desired to avoid execution of an instruc- 
tion next to a branch instruction. This demand can 
be satisfied by causing an instruction to have 
therein a bit designating whether or not the instruc- 
tion is a delayed branch. This system is used a 
digital signal processor "T1320C30" and others. 
See PAPA8812 (Panos Papamichalis and Ray 
Simar, Jr., "The TMS320C30 Floating-Point Digital 
Signal Processor", IEEE Micro, Vol. 8, No. 6, pp. 
13-29, Dec, 1988). 

Conditional Delayed Branch: In the case of an 
unconditional branch, it is possible to designate by 
an instruction whether or not a next instruction 
should be executed, and on the other hand, in the 
case of an conditional branch, execution of a next 
instruction depends upon designation by an in- 
struction and a branch condition. 



Now, a conventional example of this conditional 
delayed branch will be explained with reference to 
a RISC type processor "SPARC". See GARN8803 
(Robert B. Garner et al, "The Scalable Processor 
5 Architecture (SPARC)", Digest of Papers, COMP- 
CON *88. The computer society of The IEEE, 
1988). 

Figure 2 shows, in the SPARC system, how the 
delayed branch is influenced by a delayed branch 

w inhibit bit ("a" bit) and by satisfaction and unsatis- 
faction of a condition (whether the condition holds 
or does not hold). The SPARC system is featured 
in that in the case of "a" = 1 , the delayed branch is 
executed if the condition holds or is satisfied. This 

75 feature is advantageous in the case that a loop is 
realized by a branch based on a conditional branch 
instruction in the rear part of an instruction se- 
quence. Here, this advantage will be explained with 
reference to Figure 3. If an instruction executed 

20 only when the condition is satisfied can be written 
at an address "D", it is possible to copy, into the 
address "D", instructions which are included in a 
heading address "LOOP" of the loop and which are 
other than the branch instruction, and to change 

25 the heading address of the loop to an address 
"LOOP' With this, the number of dynamic execu- 
tion steps in the loop can be reduced by one. 
Therefore, this is very effective in improving the 
performance if the number of repetition of the loop 

30 is large. In addition, if the address "D" is skipped 
at the time of terminating the loop, execution of 
extra instructions can be avoided. 

In the SPARC system, if "a" = 0, the delayed 
branch is executed regardless of whether the con- 

35 dition is hold or does not hold, as seen from Figure 
2. This is similar in the other two branch systems. 
However, this delayed branch does not necessarily 
give a good effect in the case of a case classifica- 
tion (or situation sorting) processing on the basis of 

40 a "if-then-else" clause. 

For example, consider a case in which a case 
classification or categorization is performed by a 
branch in the front part of an instruction sequence 
while executing a number of discriminations. If a 

45 conditional branch instruction accompanies a de- 
layed branch without exception, a program except- 
ing a condition "A" and a condition "B" as an 
exception event becomes as shown in Figure 4. An 
address "ADLY" and an address "BDLY" are a first 

so instruction for a processing of the exception event 
("then" clause), and therefore, the processing for 
an ordinary sequence is delayed by these delayed 
slots. On the other hand, if this processing is 
written by using an ordinary branch instruction, not 

55 the delayed branch, the program becomes as 
shown in Figure 5. The test and the omission of the 
exception events frequently occur in the inside of 
the loop, and therefore, it is very important to 
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shorten the ordinary sequence in order to improve 
the performance. 

In the SPARC system, the "then" clause is 
assigned to the ordinary sequence, and the "else" 
clause is assigned to the exception sequence. With 
this arrangement, the performance can be im- 
proved. 

In this case, since the ordinary sequence is 
ceaselessly skipped by the branch instruction, the 
easiness of reading the program at an assembly 
language level is considerably lost. 

As seen from the above, the conventional de- 
layed system is not conveniently fitted to both of 
the realization of the loop and the realization of the 
case classification, which are two typical manners 
of utilizing the conditional branch instructions. 

Summary of the Invention 

Accordingly, it is an object of the present in- 
vention to provide a data processing system which 
has overcome the above mentioned defect of the 
conventional one. 

Another object of the present invention is to 
provide a data processing system capable of most 
effectively utilizing the delayed branch by using a 
conditional delayed branch for realization of the 
loop, but by not using the delayed branch for 
realization of the case classification. 

The above and other objects of the present 
invention are achieved in accordance with the 
present invention by a data processing system 
capable of determining, on the basis of a delayed 
branch control bit included in a branch instruction, 
whether or not an instruction next to the branch 
instruction should be executed, comprising a first 
means for decoding the branch instruction to clas- 
sify the branch instruction into an unconditional 
branch and a conditional branch, a second means 
for generating a condition satisfaction signal indica- 
tive of whether or not the branch condition is satis- 
fied, and a third means coupled to the first and 
second means and receiving the delayed branch 
control bit, the third means generating a delayed 
instruction execution determination signal indicative 
of whether or not the instruction next to the branch 
instruction is executed, on the basis of an 
exclusive-OR between the delayed branch control 
bit and the condition satisfaction signal when it is 
judged by the first means that the branch instruc- 
tion is the conditional branch instruction. 

The above and other objects, features and ad- 
vantages of the present invention will be apparent 
from the following description of preferred embodi- 
ments of the invention with reference to the accom- 
panying drawings. 

Brief Description of the Drawings 



Figure 1 illustrates a delayed slot in the instruc- 
tion pipelined processing; 
Figure 2 is a truth table illustrating the conven- 
tional conditional delayed branch; 

5 Figure 3 illustrates a program loop optimized by 
the system shown in Figure 2; 
Figure 4 illustrates a case classification process- 
ing program which is complicated by the system 
shown in Figure 2; 

w Figure 5 illustrates a case classification process- 
ing program when the delayed branch is not 
used; 

Figure 6 is a block diagram of a first embodi- 
ment of the data processing system in accor- 
ds dance with the present invention capable of ex- 
ecuting the delayed branch processing system 
in accordance with the present invention; 
Figure 7 is a logic circuit diagram of one exam- 
ple of the branch execution discrimination circuit 
20 incorporated in the system shown in Figure 6; 

Figure 8 is a truth table of determining the 
delayed instruction execution determination sig- 
nal in circuit shown in Figure 7; and 
Figure 9 is a logic circuit diagram of another 
25 example of the branch execution discrimination 
circuit incorporated in the system shown in Fig- 
ure 6. 

Description of the Preferred embodiments 

30 

Referring to Figure 6, there is shown a block 
diagram of a first embodiment of the data process- 
ing system in accordance with the present inven- 
tion capable of executing the delayed branch pro- 
35 cessing system in accordance with the present 
invention. 

The shown system includes a fetch instruction 
address register (instruction counter) 101, a mul- 
tiplexor 111, an incrementer 112, an instruction 

40 memory 113, an instruction invalidation flag latch 
121, a decode instruction address latch 122, an 
instruction word latch 123, an address calculation 
base/index register 124, a branch execution dis- 
crimination circuit 131. a branch condition discrimi- 

45 nation circuit 132, an instruction decoder 133, a 
branch address calculation circuit 134, an instruc- 
tion decoder 135, a data address calculation circuit 
136, a decoded instruction latch 141, an instruction 
execution data register 142, a data address register 

so 143, an instruction execution unit 151, a data mem- 
ory 152, and an instruction execution result status 
register 161, connected as shown in Figure 6. 

The shown data processing system has three 
stages of pipelined processing. In order to synchro- 

55 nize the operation in each stage of the pipelined 
processing, the three stages are partitioned by the 
latches 101, 121, 122, 123, 124, 141, 142, 143 and 
161. 
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A content of the fetch instruction address regis- 
ter 101 is supplied to the instruction memory 113, 
so that an instruction word is read out of the 
instruction memory 113 in accordance with the 
value of the instruction address register 101, and 
then, latched in the instruction word latch 123. The 
value of the instruction address register 101 is also 
supplied to the incrementer 112, and incremented 
by the incrementer 112, so that an address for a 
next instruction is supplied to the multiplexor 111. 
The content of the instruction address register 101 
is also supplied to the decode instruction register 
122. 

The branch address calculation circuit 134 cal- 
culates a branch destination address such as an 
instruction counter relative address, on the basis of 
a content of the decode instruction register 122, a 
content of the address calculation register 124 and 
a portion of the content of the instruction word latch 
123. A result of the calculation is supplied to the 
multiplexor 111. On the basis of an output of the 
branch execution discrimination circuit 131, the 
multiplexor 1 1 1 selects either the next address 
outputted from the incrementer 112 or the branch 
destination address outputted from the branch ad- 
dress calculation circuit 134, so that the selected 
address is supplied to the fetch instruction register 
101. 

The decoding of the branch instruction is ex- 
ecuted at the same time as the instruction next to 
the branch instruction is fetched. Therefore, the 
fetching of the branch destination address is ex- 
ecuted at a timing next to the timing of the decod- 
ing of the branch instruction, as shown in Figure 1. 
The instruction decoder 133 decodes a portion of 
the content of the instruction word latch 123, and 
generates at least the following four signals in the 
shown embodiment: 

(1) signal designating the kind of arithmetic and 
logic operation 

(2) signal indicative of an unconditional branch 
instruction (unconditional branch instruction de- 
coded signal) 

(3) signal indicative of a conditional branch in- 
struction (conditional branch instruction decoded 
signal) 

(4) signal indicative of a delayed branch 
(delayed branch control signal) 

The signal designating the kind of arithmetic 
and logic operation is supplied to the decoded 
instruction latch 141. The other signals are sup- 
plied to the branch execution discrimination cir- 
cuit 131. 

On the other hand, the instruction decoder 
135 decodes a portion of the content of the 
instruction word latch 123, and generates at 
least the following two signals in the shown 
embodiment: 



(5) selection signal for the instruction execution 
data register 142 

(6) signal indicative of a condition designated by 
the instruction in the case of the conditional 

5 branch instruction 

The latter signal (6) is supplied to the branch 
condition discrimination circuit 132. 

The data address calculation circuit 136 cal- 
culates an address for the data memory 152 on the 

io basis of the content of the instruction word latch 
123 and the content of the address calculation 
register 124. A result of the calculation is supplied 
to and latched in the data address register 1 43. 
The instruction execution unit 151 executes an 

/5 instruction designated by the decoded instruction 
latch 141 for a content of the instruction execution 
data register 142. A result of the execution is 
written into the instruction execution data register 
142 or the instruction execution result status regis- 

20 ter 161. 

The data memory 152 is read out in accor- 
dance with the address designated by the data 
address register 143, and the read-out data is 
written into the instruction execution data register 

25 142. Alternatively, the data read from the instruc- 
tion execution data register 142 is written into the 
data memory 152 in accordance with the address 
designated by the data address register 1 43. 

On the basis of the signal indicative of the 

30 condition designated by the conditional branch in- 
struction, outputted from the instruction decoder 
135, and on the basis of the content of the status 
register 161, the branch condition discriminating 
circuit 132 discriminates whether or not the con- 

35 dition designated by the conditional branch instruc- 
tion (for example, "less than") is satisfied. A con- 
dition satisfaction discrimination signal is supplied 
from the branch condition discriminating circuit 132 
to the branch execution discriminating circuit 131. 

40 As shown in detail in Figure 7, the branch 

execution discriminating circuit 131 receives the 
condition satisfaction discrimination signal 176 from 
the branch condition discriminating circuit 132, and 
the unconditional branch instruction decoded signal 

45 173, the conditional branch instruction decoded 
signal 174 and the delayed branch control signal 
175 from the instruction decoder 133, and gen- 
erates a branch execution determination signal 171 
and a delayed instruction execution determination 

so signal 172. 

The branch execution discriminating circuit 131 
includes an AND gate 182 receiving the condition 
satisfaction discrimination signal 176 and the con- 
ditional branch instruction decoded signal 174, and 

55 an OR gate 181 receiving an output of the AND 
gate 182 and the unconditional branch instruction 
decoded signal 173 and for generating the branch 
execution determination signal 171. Thus, the 
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branch execution determination signal 171 is gen- 
erated similarly to the conventional system. Name- 
ly, the branch is executed when the instruction is 
the unconditional branch instruction or when the 
instruction is the conditional branch instruction and 
the condition designated by the conditional branch 
instruction is satisfied. The branch execution deter- 
mination signal 171 is supplied to a control input of 
the multiplexor 111. 

The delayed instruction execution determina- 
tion signal 172 is a feature of the present invention. 
For generation of this signal, the branch execution 
discriminating circuit 131 includes an exclusive-OR 
gate 186 receiving the condition satisfaction dis- 
crimination signal 176 and the delayed branch con- 
trol signal 175, and an AND gate 184 receiving an 
output of the exclusive-OR gate 186 and the con- 
ditional branch instruction decoded signal 174. The 
branch execution discriminating circuit 131 also 
includes an AND gate 185 receiving directly the 
unconditional branch instruction decoded signal 
173 and through an inverter 187 the delayed 
branch control signal 175, and an OR gate 183 
receiving outputs of the AND gates 184 and 185 so 
as to generate the delayed instruction execution 
determination signal 172. 

Referring to Figure 8, there is shown a truth 
table showing the relation between the delayed 
instruction execution determination signal 172 and 
the condition satisfaction discrimination signal 176, 
the unconditional branch instruction decoded signal 
173, the conditional branch instruction decoded 
signal 174 and the delayed branch control signal 
175. Namely, the AND gate 185 corresponds to the 
unconditional branch, and the AND gate 184 cor- 
responds to the conditional branch. The outputs of 
the AND gates 184 and 185 are supplied through 
the OR gate 183. In particular, in the case of the 
conditional branch, an exclusive-OR between the 
delayed branch control signal 175 corresponding to 
the "a" bit and the condition satisfaction discrimi- 
nation signal 176 is obtained by the exclusive-OR 
gate. 

The delayed instruction execution determina- 
tion signal 172 is latched in the instruction invalida- 
tion flag latch 121, so that when the instruction next 
to the branch instruction is decoded, it is possible 
to determine, on the basis of the content of the 
instruction invalidation flag latch 121, whether or 
not the instruction next, to the branch instruction is 
executed. In the shown embodiment, the content of 
the instruction invalidation flag latch 121 is supplied 
to the instruction decoder 133, so that the instruc- 
tion decoded in the decoder 133 can be invali- 
dated. Thus, the execution of the delayed branch is 
controlled. 

Referring to Figure 9, there is shown another 
example of the branch execution discriminating cir- 



cuit 131. As seen from comparison between Fig- 
ures 7 and 9, the second example is characterized 
in that the inverter 187 is removed, and an inverter 
188 is added between the delayed branch control 
5 signal 175 ad the exclusive-OR gate 186. In other 
words, the positive and negative logic of the de- 
layed branch control signal 175 is inverted. The 
truth table realized by the branch execution dis- 
criminating circuit 131 of Figure 9 can be obtained 
w by substituting a = 0 ad a = 1 for a = 1 (upper col- 
umn) and a = 0 (lower column) in the table of Fig- 
ure 8, respectively. 

In addition, if the inverter 187 is removed from 
the branch execution discriminating circuit 131 of 
75 Figure 7, the meaning of the delayed branch con- 
trol signal 175 can be modified only for the un- 
conditional branch. Alternatively, if both of the in- 
verter 187 in Figure 7 and the inverter 188 in 
Figure 9 are provided, the positive and negative 
20 logic can be inverted. 

As seen from the above, the control system in 
accordance with the present invention for the de- 
layed branch instruction makes it possible to pro- 
vide a branch instruction suitable to both of the 
25 realization of the loop and the realization of the 
case classification which are two typical manners 
of using the conditional branch instruction. Namely, 
the conditional delayed branch is used for the 
realization of the loop, and the delayed branch is 
30 not used for realization the case classification. 

The invention has thus been shown and de- 
scribed with reference to the specific embodi- 
ments. However, it should be noted that the 
present invention is in no way limited to the details 
as of the illustrated structures but changes and modi- 
fications may be made. 

Claims 

40 1. A data processing system capable of deter- 
mining, on the basis of a delayed branch con- 
trol bit included in a branch instruction, wheth- 
er or not an instruction next to the branch 
instruction should be executed, comprising a 

45 first means for decoding a branch instruction to 

classify said branch instruction into an un- 
conditional branch and a conditional branch, a 
second means for generating a condition sat- 
isfaction signal indicative of whether or not a 

so branch condition is satisfied, and a third means 

coupled to said first and second means and 
receiving the delayed branch control bit, said 
third means generating a delayed instruction 
execution determination signal indicative of 

55 whether or not said instruction next to said 

branch instruction is executed, on the basis of 
an exclusive-OR between the delayed branch 
control bit and said condition satisfaction signal 
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when it is judged by said first means that said 
branch instruction is a conditional branch in- 
struction. 

A data processing system comprising: 5 

an instruction counter for generating an 
address for an instruction to be fetched; 

an instruction memory coupled to said in- 
struction counter for outputting an instruction in 
accordance with said address generated by 10 
the said instruction counter; 

an instruction register receiving and hold- 
ing said instruction outputted from said instruc- 
tion memory; 

an incrementer receiving said address ;s 
generated by the said instruction counter so as 
to generate an incremented address; 

a multiplexor having an output connected 
to the instruction counter so as to write a new 
address into the instruction counter, said mul- 20 
tiplexor having a first input and a second input 
and a control input, said first input being con- 
nected to an output of said incrementer; 

a branch address calculation circuit coup- 
led to at least said instruction register for gen- 25 
erating a branch destination address to said 
second input of said multiplexor; 

a first instruction decoder coupled to said 
instruction register for decoding the instruction 
held in the said instruction register and gen- 30 
erating an arithmetic and logic operation kind 
signal, an unconditional branch instruction de- 
coded signal, a conditional branch instruction 
decoded signal, and a delayed branch control 
signal; 35 

an instruction execution unit controlled by 
said arithmetic and logic operation kind signal 
so as to execute a given instruction; 

a second instruction decoder coupled to 
said instruction register for decoding the in- 40 
struction held in the said instruction register 
and generating at least a branch condition sig- 
nal; 

a branch condition discrimination circuit re- 
ceiving a result of operation of said instruction 45 
execution unit and said branch condition signal 
for generating a condition satisfaction discrimi- 
nation signal; and 

a branch execution discrimination circuit 
receiving said condition satisfaction discrimina- so 
tion signal, said unconditional branch instruc- 
tion decoded signal, said conditional branch 
instruction decoded signal, and said delayed 
branch control signal for generating a delayed 
instruction execution determination signal when 55 
the branch instruction is a conditional branch 
instruction, dependently upon whether or not 
the branch condition is satisfied, said delayed 



instruction execution determination signal be- 
ing supplied to said first instruction decoder so 
as to invalidate an instruction decoded in said 
first instruction decoder. 

3. A data processing system claimed in Claim 2 
wherein branch execution discrimination circuit 
includes an exclusive-OR gate receiving said 
condition satisfaction discrimination signal and 
said delayed branch control signal, a first AND 
gate receiving an output of said exclusive-OR 
gate and said conditional branch instruction 
decoded signal, a second AND gate receiving 
directly said unconditional branch instruction 
decoded signal and through an inverter said 
delayed branch control signal, and an OR gate 
receiving outputs of said first and second AND 
gates so as to generate said delayed instruc- 
tion execution determination signal. 

4. A data processing system claimed in Claim 2 
wherein branch execution discrimination circuit 
includes an exclusive-OR gate receiving di- 
rectly said condition satisfaction discrimination 
signal and through an inverter said delayed 
branch control signal, a first AND gate receiv- 
ing an output of said exclusive-OR gate and 
said conditional branch instruction decoded 
signal, a second AND gate receiving said un- 
conditional branch instruction decoded signal 
and said delayed branch control signal, and an 
OR gate receiving outputs of said first and 
second AND gates so as to generate said 
delayed instruction execution determination 
signal. 
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© Pipelined data processing system capable of processing delayed branch instruction. 



© A data processing system is configured to deter- 
mine, on the basis of a delayed branch control bit 
included in a branch instruction, whether or not an 
instruction next to the branch instruction should be 
executed. The system comprises an instruction de- 
coder for decoding the branch instruction to classify 
the branch instruction into a unconditional branch 
and a conditional branch, and a branch condition 
discrimination circuit for generating, on the basis of 
the branch instruction and the result of instruction 
execution, a condition satisfaction signal indicative of 
whether or not the branch condition is satisfied. A 



branch execution discrimination circuit is coupled to 
the instruction decoder and the branch condition 
discrimination circuit and to receive the delayed 
branch control bit, so as to generate a delayed 
instruction execution determination signal indicative 
of whether or not the instruction next to the branch 
instruction is executed, on the basis of an exclusive- 
OR between the delayed branch control bit and the 
condition satisfaction signal when it is judged by the 
instruction decoder that the branch instruction is the 
conditional branch instruction. 



FIGURE 6 
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